Introduction
Cyclin-dependent kinases (CDKs) are key regulators of cell cycle progression. Activity of these proteins is controlled through modulation of expression, speci®c phosphorylations/dephosphorylations, and interactions with other proteins, including CDK-inhibitors (CDKIs) (GranÄ a and Reddy, 1995; Pines, 1995) . Expression of CDKIs occur during normal cell cycling, contributing to the regulation of cell cycle phase transitions. Additionally, induction may result from exogenous signals, such as inducers of differentiation, leading to the inhibition of proliferation (Sherr and Roberts, 1995; Harper and Elledge, 1996) . p21 (known as WAF1, SDI1, MDA-6, CIP1 and CAP20) was the ®rst CDKI isolated, based on interactions with CDK2 (Gu et al., 1993; Harper et al., 1993) and PCNA (Xiong et al., 1992) , as well as induction associated with p53 tumor-suppressor expression (El-Deiry et al., 1993) , terminal dierentiation of human melanoma cells (Jiang and Fisher, 1993) , and senescence of human diploid ®broblasts (Noda et al., 1994) . p21 has not only been shown to inhibit the activity of a wide array of CDK-cyclin complexes (Xiong et al., 1993; Harper et al., 1995) , but also inhibits DNA replication through its interaction with PCNA (Waga et al., 1994; Flores-Rozas et al., 1994) . Increased p21 expression has been correlated with cell cycle arrest following a wide range of stimuli, including senecence, DNA damage, serum starvation, and dierentiation, while exogenous overexpression of p21 in a number of cell lines leads to proliferation arrest (Gartel et al., 1996) . p21 has also been implicated in the regulation of cell death pathways. It was initially shown to increase during DNA damage induced cell death (El-Deiry et al., 1994) . More recently, it has been shown that inducing p21 can decrease apoptosis in dierentiating muscle cell lines (Wang and Walsh, 1996) and prostaglandin treated colon carcinoma cell lines (Gorospe et al., 1996) , while decreasing expression during dierentiation of a neuronal line increases apoptosis (Poluha et al., 1996) . p21 has also been demonstrated to inhibit two members of the stress activated protein kinase family (SAPK), JNK and p38 (Shim et al., 1996) , proteins thought to be involved in the signalling pathways leading to cell death in response to stress (Davis, 1994; .
To examine the potential role of p21 in the regulation of proliferation, dierentiation and death, rat pheochromocytoma (PC12) cells containing an inducible p21 expression vector were chosen for study. PC12 cells represent an excellent system to investigate regulation of multiple cellular events. In serum containing medium these cells proliferate; however, when treated with nerve growth factor (NGF), cells stop proliferating and dierentiate into neural cells similar to sympathetic neurons (Greene and Tischler, 1976) . Additionally, there are numerous apoptotic paradigms that have been established for PC12 cells, including those involving removal of trophic support (Greene, 1978; Batistatou and Greene, 1991; Pittman et al., 1993) . Given that some studies have implicated aberrant or inappropriate cell cycle in the death of trophic factor deprived PC12 cells and sympathetic neurons (Batistatao and Greene, 1993; Rubin et al., 1993; Farinelli and Greene, 1996; Park et al., 1996) , this system provides a means for testing the hypothesis that p21 expression would block death resulting from trophic factor removal.
In the present study, p21 expression (accomplished through transfection of an inducible p21 construct) led to complete withdrawal from the cell cycle. This arrest was maintained, even in the absence of further ectopic p21 expression. p21 overexpression alone did not lead to dierentiation; however, NGF-induced differentia-tion proceeded at an accelerated rate. Finally, p21 had no eect on cell survival following a variety of inducers of apoptosis, including removal of trophic support. Therefore, at levels capable of inducing permanent growth arrest, p21 enhanced neuronal dierentiation, but did not inhibit cell death.
Results
Generating and characterizing stable PC12 lines containing an inducible p21 construct Clonal lines of PC12 cells were generated with p21 cDNA under control of the lac repressor protein. To induce expression, isopropyl-b-D-thiogalactoside (IPTG), a nontoxic lactose analogue, was added to the culture medium. Approximately 100 clonal lines were screened and 15 showed inducible p21 expression. Several clones were used for each experimental procedure to reduce the eect of clonal variability on data interpretation.
After addition of IPTG, protein levels of p21 increased ( Figure 1a) , with maximal levels of expression reached by 16 h (not shown). As expected, p21 mRNA expression increased following IPTG exposure. Transfected p21 cDNA lacked approximately 1000 base pairs of 3' untranslated region, making it possible to distinguish transfected p21 message from endogenous message (Figure 1b) . Following ectopic induction of p21, endogenous p21 message decreased (possibly in response to the large increase in ectopic p21 expression). Protein and RNA expression for clones 12-64, 12-67, 12-72 were similar to those for clone 12-3 shown in Figure 1 . To test the functional ecacy of inducible p21 expression, cells lines were examined for the ability of p21 to promote growth arrest.
The proliferative status of cells expressing p21 was investigated in populations cultured in the absence or presence of IPTG (Figure 1c ). In the uninduced state, basal proliferation rates were similar in all lines tested, though some clonal variability was present. In response to IPTG induced p21 expression, cell numbers remained relatively constant over the ®rst 3 days in all clones tested, followed by a gradual decrease at later time points. Video microscopic analysis revealed a low level of death occurring in these cell lines, though due to the slow and sporadic onset of this death, it was probably not directly associated with the induction of p21. Most likely, this represents the normal`background death' present in PC12 cells (unpublished observations). All clones were observed up to 20 days after induction of p21 (not shown). The numbers of cells in 12-3 and 12-67 continued to slowly decrease, with no revertant populations of dividing cells appearing in these cultures. In clone 12-72, rare clonal islands' of dividing cells were observed after 7 ± 9 days; however, this is not re¯ected in cell counts due to the infrequency of this event. Overall, there was a striking inhibition of proliferation following p21 induction in undierentiated PC12 cells. Additionally, there were obvious morphological changes in arrested cells (see Figure 4a ). Following induction of p21, cells adopted ā attened, phase dark appearance compared to control cells (proliferating or con¯uent), though the extent of this change varied between dierent lines examined. Additional eect of p21 on proliferation and cell cycle progression were determined by measuring changes in DNA content using¯ow-cytometry. Figure  2b demonstrates the eect of p21 induced arrest on cell cycle distribution (clone 12-3) (percentages in Figure 2b are for the individual experiment shown). Averages obtained from three independent experiments revealed that in proliferating populations, 68% of the cells were in G0/G1 (2n), 20% in S (3n), and 11% in G2 (4n). Following addition of IPTG (1 day), cells with a 2n DNA content increased to 85%, 3n declined to 5.5%, and 4n remained level at 10.5%. Of the cells that appeared to be arrested in G2 (4n DNA content), a proportion of these were also likely in G1, as previous studies have demonstrated that a sub-population of PC12 cells can exist in a tetraploid G1 state (van Grunsven, et al., 1996b) . Similar results were obtained from clones 12-67 and 12-85 (not shown). Overall, the data obtained from cell counts, thymidine incorporation, and DNA content pro®les revealed that the inducible p21 was functional, leading to rapid and complete growth arrest.
Capacity of arrested cells to proliferate and dierentiate
The reversibility of growth arrest induced by p21 was tested by removing IPTG after 8 days of incubation from clones 12-3, 12-67 and 12-72 ( Figure 3a) . In clone 12-3, the gradual attrition of cells continued, with no proliferation observed. In clones 12-67 and 12-72, the majority of cells also remained growth arrested, though rare islands of proliferating cells did appear following removal of IPTG. Overall, the results indicated that growth arrest induced by p21 was not reversible following removal of IPTG for the vast majority of cells, even though the cells were cultured in the presence of serum growth factors.
Because removal of IPTG did not reverse growth arrest, p21 protein levels were examined following IPTG removal in cells previously exposed to IPTG for 8 days (Figure 3b ). Unexpectedly, Western blots showed that p21 protein levels remained elevated, even though the IPTG induction signal had been removed. Northern blot analysis of p21 message under the same conditions showed that transfected p21 mRNA did indeed decrease following removal of IPTG; however, endogenous p21 mRNA increased ( Figure 3c ).
In addition to proliferative potential, IPTG treated cells were also examined for the ability to dierentiate. Growth arrested cells rapidly responded to NGF (clone 12-3) as evidenced by the extention of numerous neuritic processes, and development of a rounded cell body. In fact, NGF induced dierentiation was strikingly accelerated compared to controls (Figure 4a ). To quantify the observed changes in dierentiation, neurite lengths were measured from randomly selected ®elds of cells treated with IPTG/NGF or NGF alone for 72 h (Figure 4b ). At the lowest cuto point for dierentiation, 78% of the cells in the IPTG/NGF group had at least one neurite 550 mM, compared to 33% in the control group. At all points of comparison, the IPTG/NGF treated cells showed an enhanced responsiveness to NGF induced neurite outgrowth, up to the longest lengths measured, where 22% of the IPTG/NGF cells had at least one neurite 5150 mM, compared to 3% in the control group. Enhanced dierentiation was not only obvious in lengths of neurites, but also in changes in the cell soma. Typically, 8 ± 10 days of NGF exposure is required to cause most cell bodies to become round and phase bright (a neural characteristic). In the presence of IPTG and NGF, this transition occurred by day 4 (Figure 4a ). (1) and 2 day p21-arrested (2) populations (clone 12-3). The DNA content of nuclear preparations was assessed via¯uorescence-activated¯ow cytometry using FACscan (Becton Dickinson). Percentage with 2n, 3n, or 4n DNA content are given for the experiment shown, while averages of three independent experiments are in the results section. Results obtained after 2 days of p21-induced arrest were similar to those obtained after 1, 3, and 4 days (not shown)
Eects on apoptosis
Given the hypothesis that certain forms of cell death result from inappropriate cell cycling, and the reported inhibition of JNK activity by p21, the eect of induced p21 overexpression on cell death in PC12 cells was investigated. In the ®rst paradigm of apoptosis, PC12 cells were grown under normal growth conditions (i.e. 15% total serum), and serum was subsequently removed from cells. In these experiments, p21 was induced for 16 ± 20 h prior to serum removal. In all cases, p21 overexpression did not alter the time course of death (Figure 5a ). To show that apoptosis could be blocked in these cell lines, serum-free cells were also treated with ZVAD-fmk, a general inhibitor of caspases (known to be involved in apoptosis). ZVAD-fmk eectively inhibited apoptosis such that 88% of treated cells were still alive at 48 h following serum removal, compared to 7% of p21 overexpressing cells and 5% of control cells. Since dierent apoptotic signals may cause eects through dierent signaling mechanisms, other initiators of cell death were investigated. Inducing death of PC12 cells with u.v. irradiation resulted in a DNA ladder, nuclear condensation and formation of apoptotic bodies (not shown), con®rming that this death was proceeding through an apoptotic mechanism. As was the case with serum removal, u.v. irradiation induced death was not altered signi®cantly by p21 overexpression (Figure 5b ). When examined 20 h post exposure, both control and p21 overexpressing groups displayed similar rates of death at both energy levels examined. At 25 J/m 2 , 65.0% of control and 70.3% of +IPTG populations remained alive. At 50 J/m 2 , 55.6% of control and 55.4% of +IPTG remained alive.
Discussion
Cellular mechanisms regulating the transitions between proliferation, dierentiation, and death of neural cells are not well understood; however, one candidate protein that may function in the control of all of these processes is the CDKI, p21
WAF1
. In examining the process of cell-cycle withdrawal accompanying differentiation, p21 levels have been shown to increase during NGF treatment of neuroblastoma (Poluha et al., 1996) and PC12 cells (Yan and Zi, 1995; van Grunsven et al., 1996a) . This correlation is not limited to neural cells, as induction of p21 mRNA and protein has been detected during myogenic (Guo et al., 1995; Halevy et al., 1995) , keratinocytic (Missero et al., 1995) , promyelocytic (HL-60) (Jiang et al., 1994; Steinman et al., 1994) , and human melanoma cell dierentiation (Jiang et al., 1995) .
To determine if p21 could directly shift a neuronal cell line into a non-proliferative state, an inducible p21 construct was transfected into PC12 cells. As expected, ectopic induction of p21 resulted in a rapid cessation of proliferation. In the clonal lines described in this study, two showed no evidence of further proliferation, and in another, only rare`islands' of proliferating cells arose in the continued presence of IPTG. Overexpression of p21 has previously been shown to induce arrest (ElDeiry et al., 1993; Harper et al., 1993; Noda et al., 1994) mainly in G1, though most of these studies examined short term arrest via p21 (no more than 4 days) Katayose et al., 1995; Chen et al., 1996) . Prolonged induction of p21 in other cell lines has resulted in various eects, including apoptotic death (Sheikh et al., 1995) , necrotic death (Givol et al., 1995) , or decreased proliferation (not total inhibition) (Chen et al., 1995) . Of the cell lines examined thus far, only prostate carcinoma cells containing adenoviraltransduced p21 (Eastham et al., 1995) exhibited the permanent proliferative arrest seen in PC12 cells in the current study. The basis for dierent responses in various cell lines are unclear, though in the case of PC12 cells, the permanent arrest may result from the normal capacity of these cells to terminally dierentiate. Interestingly, PC12 clonal lines constitutively overexpressing p21 have previously been studied, with no reported eects on proliferation or dierentiation (Dobashi et al., 1995) ; however, as the authors themselves indicate, selecting constitutively overexpressing p21 cell populations capable of normal responses would likely be problematic, as this protein should inhibit growth.
Growth arrest induced by p21 in PC12 cells was not accompanied by morphological evidence of differentia- tion (i.e. rounded cell bodies and neurite extention). In contrast, adenoviral mediated transfection of p21 into malignant human melanoma cells resulted in terminal dierentiation, in addition to growth arrest, as indicated by morphological changes and the production of melanin . In myoblasts capable of dierentiating into myotubes, p21 overexpression, in combination with overexpression of the CDKI p16, resulted in muscle speci®c gene expression , though morphologic changes were not addressed. Therefore, the ability of p21 (or any CDKI) to directly enact a dierentiation program is likely to be cell type dependent. In the case of PC12 cells, p21 alone is able to induce a permanent withdrawal from cell cycle, similar to that seen in terminal dierentiation, without inducing any major morphological changes associated with dierentiation. Given the ability of NGF to up-regulate p21, this may be a potential mechanism to arrest proliferation by NGF during neuronal dierentiation. A similar conclusion was reached by van Grunsen et al. (1996a) who showed that induction of p21 by NGF required the presence of mitogenic stimuli (i.e. serum). In the absence of this mitogenic signal (cells not proliferating), NGF did not elevate levels of p21; therefore, the authors hypothesized that p21 was involved in cellcycle arrest (via NGF), not in establishment or maintenance of a dierentiated phenotype.
In the present study, the majority of cells arrested in the undierentiated state during p21 induction did not proliferate following withdrawal of IPTG, indicating that an increase in p21 protein alone was sucient for permanently arresting these cells. As expected, ectopic p21 mRNA decreased in response to IPTG removal; however, there was an increase in endogenous levels of p21 mRNA concomitant with the decrease in ectopic p21 expression. The net result was that p21 protein expression remained relatively high, and was likely responsible for the continued growth arrest. Regulatory mechanisms leading to this response of endogenous p21 are unclear; however, this property may again relate to the terminal dierentiation capacity of these cells, in that once removed from cell cycle (in a manner similar to NGF stimulation), cells will maintain this arrest. Interestingly, similar experiments examining p53 eects on a ®broblast line did not result in permanent inhibition of proliferation (Agarwal et al., 1995) .
Given the absence of proliferation following IPTG removal, it was of interest to examine the ability of arrested cells to dierentiate in the presence of NGF. The possibility existed that these cells had entered a state similar to senescence, which is thought to involve p21 expression (Noda et al, 1994) . It has been proposed that senescence not only aects proliferation, but also normal cellular functions (Stein and Duclic, 1995) . p21-arrested PC12 cells responded to NGF treatment, and exhibited an enhanced rate of dierentiation. This was indicated not only by morphological changes, but also by an accelerated dependence on NGF for survival (data not shown). Following p21 arrest in one clonal line (12-3), approximately 90% of cells died in response to NGF withdrawal following 3 ± 4 days of NGF treatment, whereas PC12 cells normally require about 10 days to develop this level of dependence (Mills et al., 1997) .
Inhibitors of proliferation such as mitomycin C, in concert with NGF treatment, enhance the differentiation rate of PC12 cells (Gupta et al., 1987) , as does culturing PC12 cells in serum-free medium prior to NGF addition (Rudkin et al., 1989 ) (though neither study described the time required for NGF dependence). Unpublished observations from our lab indicate that enhanced dierentiation in serum-free medium is not as rapid or as extensive as p21-enhanced dierentiation. The p21 inducible system employed in this study may represent an additional tool for investigating the eects of NGF on dierentiation in the complete absence of proliferation eects, as well as a more rapid means of inducing dependence on a trophic factor for survival to study apoptotic processes in a homogeneous population of neural cells.
The ®nal cellular process examined in the clonal cell lines was the eect of p21 on cell death. Expression of p21 was initially linked to various death stimuli following DNA damage, though its expression was not always required for death to occur (Brugarolas et al., 1995; Attardi et al., 1996) . More recently, studies have shown that increasing p21 expression through transfection can decrease apoptotic death in some systems. In cultured myoblasts induced to dierentiate in low serum, overexpression of p21 decreased the number apoptotic deaths which normally accompany this process (Wang and Walsh, 1996) . Also, RKO human colorectal carcinoma cells were protected from prostaglandin A 2 mediated apoptosis by overexpressing p21 (Goropse et al., 1996) . In both of these paradigms, death was occurring during a time when p21 should have been up-regulated but was not. Similarly, HCT116 colorectal cancer cells were shown to arrest when treated with certain chemotherapeutic or DNA damaging treatments; however, when both copies of the endogenous p21 gene were deleted from the cell line, the same treatments resulted in cell death (Waldman et al., 1996) .
A primary reason for examining p21 eects on death is the hypothesis that apoptosis resulting from trophic factor withdrawal results from an inappropriate or catastrophic cell cycle. Speci®cally, this hypothesis has been supported by experiments with undierentiated and NGF-dierentiated PC12 cells showing that trophic factor withdrawal induced apoptosis could be blocked by dominant-negative ras (Ferrari and Greene, 1994) or various chemical agents capable of inhibiting proliferation (Ferrari et al., 1995; Farinelli and Greene, 1996; Park et al., 1996) . In the current study, p21 was clearly able to completely inhibit proliferation of PC12 cells. Following serum removal, proliferating cells and p21 arrested cells underwent death at exactly the same rate, indicating that this block in cell cycle did not inhibit apoptosis. Induction of p21 also had no eect on NGF withdrawal induced apoptosis of differentiated cells (unpublished observation). Assuming no confounding eects of the relatively speci®c cell cycle inhibitory agents, together these data may indicate that apoptosis resulting from trophic factor withdrawal may not necessarily result from an aberrant entry into cell cycle per se; rather, there may be speci®c components associated with cell cycle that are also involved in apoptotic signaling during trophic factor deprivation.
It should also be noted that p21 has been reported to inhibit the activity of stress-activated protein kinases (SAPKs) JNK1 and p38 (Shim et al., 1996) , though inhibition of speci®c processes regulated by SAPKs has not yet been reported. JNK is thought to play a role in death following numerous stimuli, including u.v. irradiation, heat shock (Davis, 1994; Zanke et al., 1996) and trophic factor withdrawal from PC12 cells (Xia et al., 1995) . cJUN, the downstream target of JNK, was also shown to be critical for apoptosis in SCG cultures following NGF removal (Estus et al., 1994) . In the current study, p21 did not inhibit death induced by trophic factor withdrawal, u.v. irradiation, or heat shock (not shown). It is possible that p21 expression levels in the clones were not high enough to inhibit JNK, or that p21 was not able to inhibit all JNK activities due to the nuclear localization of p21. Alternatively, inhibition of JNK may not aect the progression of cell death in these systems. The p21 expression system in PC12 cells should provide a mechanism for investigating potential p21 regulation of JNK pathways following stress.
Additionally, it is important to examine p21 eects on death from the perspective of therapeutic potential. Studies have suggested the use of ectopic p21 expression in gene therapy for treatments of human cancer, with the expected outcome of inhibiting tumor cell proliferation (Chen et al., 1995; Eastham et al., 1995; Givol et al., 1995; Yang et al., 1995) . It would potentially be problematic to employ a gene which has antiapoptotic eects in addition to antiproliferation eects, as a certain percentage of cells could potentially escape growth arrest, but still have elevated p21 levels (seen in culture with PC12 cells; Dobashi et al., 1995) . The antiapoptotic eects of a gene could then potentially provide resistance to other anticancer treatments which rely on apoptosis as a mechanism of activation (Darzynkiewicz, 1995) . The current study demonstrates that p21 levels capable of mediating inhibition of proliferation in a tumor cell line did not result in general antiapoptotic eects, con®rming its potential use in a gene therapy based approach to cancer treatment. Given the variability in responses demonstrated by dierent cell lines, and the potential for p21 inhibition of JNK activity, these properties need to be investigated in a number of tumor cell types following a variety of apoptotic stimuli.
Materials and methods

Plasmid system
For inducible expression of p21 WAF1 , plasmids from the Lac Expression Kit (Stratagene) were employed. Brie¯y, this system involves constitutive expression of the lac repressor protein and the introduction of a gene of interest (p21) under control of an RSV promoter containing lac repressor binding sites. Under normal conditions, lac repressor protein binds to lac operator sites in the RSV promoter, inhibiting transcription. For induction of p21, isopropyl-b-D-thiogalactoside (IPTG) is added to the cells. IPTG binds to the lac repressor protein, inhibiting interactions with DNA. Transcription initiation from the RSV promoter ensues, leading to ectopic p21 expression.
Plasmid p3'ss, containing lac repressor protein coding sequence and hygromycin B resistance, was used to create stable PC12 transfectants. Liposome-mediated transfection of cells was carried out with DOTAP (Gibco-BRL) as per manufacturers instructions. Clones were screened for lac repressor protein expression by SDS/PAGE and Western blot analysis. An 800 bp mouse p21 cDNA EcoRI fragment (Huppi et al., 1994) was subcloned into the NotI site of the pOPRSVI inducible expression plasmid. Stable lac repressor expressing PC12 cells (under hygromycin B selection) were transfected with the p21 inducible expression plasmid carrying G418 resistance. Inducible expression in clones was con®rmed with SDS ± PAGE and Western blot analysis.
Cell culture PC12 cells were maintained at 378C (5% CO 2 ) in RPMI medium supplemented with 10% heat-inactivated donor horse serum, 5% heat-inactivated fetal calf serum, 100 U/ ml penicillin G, and 100 mg/ml streptomycin. Growth media was supplemented with 200 mg/ml hygromycin B (Gibco-BRL) and 300 mg/ml G418 (Gibco-BRL) in cell lines transfected with lac repressor and p21 expression plasmids. For induction of p21 in transfected lines, 3 mM IPTG (Boehringer Mannheim Biochemicals) was added to the medium.
To induce dierentiation, cells were subcultured into plastic tissue culture dishes pre-coated with rat-rail collagen (50 mg/ml) (Collaborative Biochemical). Dierentiation medium was the same as above, with the addition of 100 ng/ml of 2.5s Nerve Growth Factor (NGF) (Collaborative Biochemicals).
RNA isolation and Northern blot analysis
Total RNA from PC12 cells was isolated by the single-step guanidinium thiocyanate/phenol/chloroform extraction method (Chomczynski and Sacchi, 1987) . 5 mg total RNA was electrophoresed on 1.2% agarose gels (sodium phosphate buer system), and transferred to Nytran nylon membranes (Schleicher & Schuell) by capillary action in 106SSPE. Membranes were prehybridized in 50% formamide/56 SSC/0.1% sarcosyl/0.02% SDS containing 2% blocking reagent (Boehringer Mannheim Biochemicals) at 688C for 1 h, followed by incubation with digoxigenin (DIG) labeled RNA probe overnight at the same conditions. Membranes were subsequently washed in 26 SSC/0.1% SDS (room temperature) followed by 0.16 SSC/0.1% SDS at 688C. Anti-DIG-AP Fab fragments (Boehringer Mannheim Biochemicals) and CDP-Star chemiluminescent substrate (Boehringer Mannheim Biochemicals) were used to visualize signal as per manufacturers instructions. DIG-labeled p21 RNA probes were generated with T7 RNA polymerase in the presence of DIG RNA Labeling Mix (Boehringer Mannheim Biochemicals) containing DIG-11-UTP.
Protein isolation and Western blot analysis
Cells were washed and scraped into ice-cold PBS, pelleted, then lysed in 26Laemmli sample buer. 50 mg total protein were separated by SDS ± PAGE (10%) and transferred to PolyScreen PVDF Transfer Membrane (NEN). Antibodies for p21 were purchased from Santa Cruz Biotechnology. Signal was detected with Renaissance Western Blot Chemiluminescence Reagent (NEN).
[ 3 H]thymidine incorporation DNA synthesis rate was determined by measuring incorporation of [ 3 H]thymidine as described previously (Stein et al., 1994) . Brie¯y, this involved incubation in normal media (+/7 IPTG) with 2 mCi/mL [ 3 H]thymidine (NEN) for 6 h. Cells were scraped into PBS, pelleted and lysed in 10% TCA. Acid-insoluble material was bound to ®lters for scintillation counting. Prior to lysis, a small sample of suspended cells was assayed for total protein content for normalization of counts. In each experiment, counts/mg protein in proliferating cells was determined to be 100%, and percent inhibition of incorporation during p21-induced arrest was determined accordingly.
DNA content (FACS) analysis
To determine the DNA content pro®le of a given population, the method described by Buchkovich and Zi (1994) for PC12 cells was employed. This involved lysis of cells in 0.3% NP40/5 mM NaCl/10 mM trisodium citrate (7.6)/100 mg/ml DNase-free RNase A, followed by a lowspeed spin to pellet nuclei. Nuclei were resuspended in lysis buer in which propidium iodide was added to a concentration of 50 mg/ml. Flow cytometric analysis was performed using a FACScan (Beckton Dickenson), and percentages of cells with 2n, 3n, or 4n DNA content was calculated with ModFit (Mod®t Verity Software House). Isolated nuclei were used in this procedure due to the tendency of PC12 cells to aggregate; therefore, it should be noted that cells with 4n DNA content are mostly G2, as the majority of M phase cells would not be detected due to the lack of nuclear membrane.
Cell death assays (serum removal and u.v. irradiation) Serum was removed from PC12 cells to induce apoptosis essentially as described previously (Teng and Greene, 1994) . Brie¯y, this involved trypsinization of cells, followed by three washes in serum-free RPMI accomplished through centrifugation and resuspension. Cells were then replated in serum-free media with no additives, 3 mM IPTG, or 120 mM ZVAD-fmk (Kamiya Biomedical Company). IPTG induction of p21 was started 16 ± 20 h prior to the removal of serum.
Ultraviolet (u.v.) irradiation was delivered using a Stratalinker (Stratagene). u.v. doses (J/m 2 ) sucient to induce apoptosis in PC12 cells were determined previously (unpublished observations). Proliferating cells (control) or p21-arrested cells (16 ± 20 h IPTG treatment) were subjected to u.v. irradiation, and assayed for survival 20 h later (p21-arrested cells were cultured in the continued presence of IPTG). It should be noted that following u.v. treatment, proliferation was essentially inhibited in the previously proliferating populations (unpublished observations).
Cell counts
Viability or proliferative capacity was determined by incubating cells with trypan blue (0.06% in PBS). Cells which did not stain (trypan blue negative) were counted in three separate culture wells per experiment, with ®ve random ®elds counted in each well.
